Introduction {#S1}
============

During gastrulation, the cells of the embryo are allocated into three germ layers in an ordered spatial sequence^[@R1]^. In mammalian embryos, epiblast cells located on the interior of the embryo migrate to form the definitive endoderm on the outside of the embryo proper and the mesoderm between the endoderm and epiblast. Cells that remain in the epiblast differentiate to ectoderm. Despite the existence of numerous protocols to differentiate hESCs towards cells of these three germ layers^[@R2]--[@R5]^, it is unclear to what degree this spatial order can be recapitulated *in vitro*. Achieving this would allow the molecular dissection in the human system of the intercellular communication that is responsible for embryonic patterning and would also be an important step towards generating spatially ordered tissues for clinical purposes.

Studies in fish, frog, and mouse embryos have established that spatial patterning during gastrulation is under the control of the Activin/Nodal, BMP, and Wnt pathways. In both mouse embryos and embryoid bodies derived from mouse embryonic stem cells (mESCs), these three pathways form a positive feedback loop that establishes polarity^[@R6],[@R7]^. These same three pathways can be manipulated to differentiate hESCs to any of the three germ layers^[@R2]--[@R5]^, however, because these protocols have been optimized to yield pure populations, it is unclear whether stem cells are capable of faithfully generating early embryonic patterns. Simple application of growth factors tends to produce multiple fates without inducing consistent spatial order^[@R8],[@R9]^. Previous studies using control of colony geometries noted a shift in the proportion of cells adopting different fates as the colony size was changed but did not observe spatial organization^[@R10]--[@R12]^.

Here, we show that cells confined to circular micropatterns and differentiated with BMP4 produce an ordered array of germ layers along the radial axis of the colony. This order results from self-organized signaling which confines response to the BMP4 to the colony border while inducing a broader gradient of Activin/Nodal signaling to pattern mesendodermal fates. Control of fates is established from the border of the colony so that as colony size is reduced the central fates are lost. Thus, given minimal geometric and signaling cues, hESCs will self-organize to generate embryonic patterns.

Results {#S2}
=======

Prepatterning in pluripotent hESC colonies {#S3}
------------------------------------------

We investigated whether hESCs could give rise to spatially ordered germ layers. We focused on differentiating cells with BMP4 ligand because it represents an early step in the embryonic signaling cascade that initiates gastrulation^[@R1],[@R6]^. hESCs rapidly differentiate in response to BMP4, in contrast to Activin/Nodal and Wnt signaling both of which also play a role in the pluripotent state^[@R9],[@R13]--[@R15]^. The results of BMP4 treatment on hESCs have been controversial with some groups reporting differentiation to trophectoderm^[@R16]--[@R19]^ while others have reported a mixture of embryonic and extra-embryonic mesoderm^[@R20]^.

Under standard culture conditions, hESCs grow in colonies that exhibit a wide range of sizes and shapes ([Fig. 1A](#F1){ref-type="fig"}). Differentiation of embryonic stem cells with BMP4 led to spatial patterns of differentiation that differed drastically between neighboring colonies ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). We hypothesized that the heterogeneity in colony geometries could affect cell-cell signaling and result in a loss of reproducible spatial disorder upon differentiation. We thus evaluated the effects of using micropatterned technology to grow cells in colonies of precisely controlled size and geometry ([Fig. 1B](#F1){ref-type="fig"}).

hESCs grown on micropatterns for 24 hours in pluripotency conditions maintained pluripotent morphology and expression of markers OCT4, SOX2, and NANOG ([Fig. 1D](#F1){ref-type="fig"}). We first examined whether signaling and pluripotency markers are uniformly expressed throughout the colony. We used computational methods to identify all cells in a large number of colonies and to quantify the expression of different markers with single-cell resolution ([Fig. 1C](#F1){ref-type="fig"}). In the largest colonies, pluripotency markers are uniformly expressed over the center of the colony but rise towards the edges over a range of approximately 150μm ([Fig. 1E--F](#F1){ref-type="fig"}).

Signaling pathway activity for the BMP, Activin/Nodal, and Wnt pathways as measured by the activity of the SMAD1/5/8, SMAD2/3 and β-CATENIN signal transducers were all elevated towards the edges of the colonies as well ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). In intermediate sized colonies (500μm diameter), the size of the region of elevated expression was approximately the same. Colonies 250μm and smaller uniformly expressed the pluripotency markers at the levels of the cells at the edges of larger colonies ([Fig. 1F](#F1){ref-type="fig"}). These trends were observed in nearly every colony ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). These results reveal a previously unappreciated spatial ordering in pluripotent hESC colonies: the edges of colonies differ from their centers and control of this difference is exerted from the edge inwards. As a result, small colonies are equivalent to the edges of large colonies.

Spatial ordering in differentiated micropatterned colonies {#S4}
----------------------------------------------------------

Treatment of micropatterned hESC colonies with 50 ng/ml BMP4 led to morphological differentiation within 24 hours of treatment with a dense ring of cells forming at a reproducible radius within the colony with larger, more spread cells radially to the inside and outside ([Fig. 2A](#F2){ref-type="fig"}). We next examined whether the reproducible cell geometries lead to organized germ layer differentiation.

Transcription factors that are essential for pluripotency are reused during differentiation in order to both activate and repress lineage-specific factors^[@R21]--[@R24]^. Following the spatial dynamics of pluripotency markers can thus aide in the identification of germ layers. SOX2 expression is specifically maintained during ectodermal differentiation but down-regulated during mesendoermal differentiation, while OCT4 and NANOG follow the opposite pattern. After 42 hours of micropatterned differentiation, SOX2 is only expressed at the center of the 1000μm colonies ([Fig. 2A](#F2){ref-type="fig"}). This pattern results from a dramatic rise in SOX2 protein levels while OCT4 and NANOG are down-regulated in this region ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). The elevated SOX2 expression and the exclusion of NANOG, BRACHYURY (BRA), EOMESODERMIN (EOMES), SOX17 and Nodal signaling (see below) identifies the center with prospective ectoderm^[@R22]^. Markers that would distinguish subpopulations of the ectoderm such as KERATIN14 for epidermal cells and PAX6 or SOX1 for neural cells arise only later in development^[@R5],[@R25]^.

Moving outward from the center region, there is a ring of BRA expression ([Fig. 2A](#F2){ref-type="fig"}). This ring also expresses NANOG and OCT4 but not SOX2 which represses mesendodermal fates^[@R23],[@R24]^ ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Much of this region also expresses the mesendodermal marker EOMES and GATA6 but these markers extend further away from the colony center along the radial axis ([Fig. 2B](#F2){ref-type="fig"} and [Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Many of the cells in this region also express CDX2, which is expressed in a broad domain that extends to the colony border. At the level of individual cells, CDX2, EOMES, and NANOG were all coexpressed with BRA ([Supplementary Figs. 6A--C, 7A--B](#SD1){ref-type="supplementary-material"}), while SOX2 was mutually exclusive with all of these markers ([Supplementary Fig. 6D--E](#SD1){ref-type="supplementary-material"}). This set of observations is consistent with the identification of this region as primitive streak and nascent mesodermal cells (see further below).

Beyond the ring of BRA expression, we find cells expressing the definitive endoderm marker SOX17 ([Fig. 2B](#F2){ref-type="fig"}). Its expression overlaps with the outer ridge of the cells that are positive for EOMES or GATA6 staining but extends further along the radial axis of the colony ([Fig. 2B](#F2){ref-type="fig"} and [Supplementary Figure 6G](#SD1){ref-type="supplementary-material"}). Many of the cells expressing SOX17 also express high levels of NANOG, consistent with a role of NANOG in endodermal differentiation^[@R23]^ ([Supplementary Fig. 7C--D](#SD1){ref-type="supplementary-material"}). No expression of SOX2 was detected in this population ([Supplementary Fig. 6F](#SD1){ref-type="supplementary-material"}).

Finally we observe a broad ring of CDX2 expression that peaks at the very edge of the colony but extends through the mesendodermal region. The coexpression of CDX2 and BRA ([Supplementary Fig. 6A](#SD1){ref-type="supplementary-material"}) is consistent with expression of CDX2 in the mesoderm^[@R26]^, however, the outermost cells of the colony expressed CDX2 without expression of mesendodermal markers, BRA, SOX17, and GATA6, or pluripotency markers OCT4, NANOG and SOX2 ([Supplementary Fig. 5--6](#SD1){ref-type="supplementary-material"}). These outer cells are positioned corresponding to the extraembryonic tissue in the embryo that surrounds the epiblast, and they also displays high BMP signaling (see below) similar to the trophoectoderm in the embryo^[@R1]^. These cells express EOMES but at lower levels then in the mesendoderm ([Supplementary Fig. 6C](#SD1){ref-type="supplementary-material"}). The cells at the colony edge thus share many characteristics with extraembryonic trophoblast cells but the true identity of trophoblast-like cells induced by BMP4 remains the subject of debate in the literature^[@R17]--[@R20]^. Thus, cells confined to circular geometries and differentiated with BMP4 differentiated to all three germ layers and a trophoblast-like population in an ordered sequence along the radial axis ([Fig. 2C--D](#F2){ref-type="fig"}).

The radial structure of the patterns is extremely reproducible ([Supplementary Figs. 5 and 8](#SD1){ref-type="supplementary-material"}). There remain small angular inhomogeneities (e.g. [Fig. 2A](#F2){ref-type="fig"}, [Supplementary Fig. 7C--D](#SD1){ref-type="supplementary-material"}) that correlate with cell density and are impossible to control during cell seeding. We found very similar patterns for two additional hESC lines RUES1 and H1 ([Supplementary Fig. 9A, B](#SD1){ref-type="supplementary-material"}). We also found similar patterns if cells were grown on recombinant Laminin 521 instead of Matrigel or grown in mTeSR1 medium instead of conditioned medium ([Supplementary Fig. 9C, D](#SD1){ref-type="supplementary-material"}). Thus, forcing cells to grow in a confined geometry triggers spontaneous emergence of embryonic patterning in several hESC lines and under all conditions examined.

Gastrulation-like events in micropatterned differentiation {#S5}
----------------------------------------------------------

The expression of BRA and the emergence of all three germ layers in the micropatterned cultures suggested that cells might be patterned by gastrulation-like events in a region resembling the primitive steak. In the embryo, FGF signaling in the primitive streak leads to cells undergoing an epithelial to mesenchymal transition (EMT), upregulating the transcription factor SNAIL and downregulating or removing E-CADHERIN (E-CAD) from the cell surface^[@R1]^. In micropatterned culture, the downstream effector of FGF signaling, phospho-ERK, was primarily localized to region of BRA expression ([Fig. 3A](#F3){ref-type="fig"}). We also observed upregulation of SNAIL in this region ([Fig. 3B](#F3){ref-type="fig"}) and E-CAD was internalized becoming more cytoplasmic rather than exclusive localization to the cell membrane ([Fig. 3C](#F3){ref-type="fig"})^[@R27]^. This demonstrates the presence of human primitive streak cells that undergo gastrulation-like events in micropatterned culture

To better understand these gastrulation-like processes, we examined the three-dimensional structure of the colonies. Three dimensional reconstruction of the colonies based on DAPI staining revealed that at the inside and outside of the colonies, the cells grew as a monolayer, whereas inside the primitive streak-like region, cells were piled 2--3 layers deep ([Fig. 3D](#F3){ref-type="fig"}). We next examined the actin cytoskeleton using phalloidin and found that in the monolayered regions, as well as in the upper layer of the streak-like region, the actin was largely localized to the cell membranes, consistent with the entire top of the colony forming an epithelial layer. In the streak-like region, cells in the bottom layers displayed a more active cytoskeleton consistent with migratory cells that have undergone an EMT ([Fig. 3E](#F3){ref-type="fig"}). Consistent with this interpretation, the entire top of the colony expressed Epithelial Cell Adhesion Molecule (EpCam)^[@R28]^ on the cell membranes, whereas cells in the lower layer of the streak-like region did not ([Fig. 3F](#F3){ref-type="fig"}). Where the colonies were multiple layers thick, cells in the lower layers expressed SNAIL, whereas those in the upper layer expressed SOX2 ([Fig. 3G](#F3){ref-type="fig"}). We also found individual SNAIL expressing cells under the epithelial layer closer to the colony center ([Fig. 3G](#F3){ref-type="fig"}), which likely represent cells that underwent EMT at the streak-like region and then migrated under the epithelial layer of the colony. Taken together, these results suggest that cells in the BRA-expressing region undergo EMT and migrate inwards towards the culture dish and then underneath the upper epithelial layer, mimicking human gastrulation movements.

Patterns are controlled from the colony edge {#S6}
--------------------------------------------

We next examined the differentiation patterns as a function of colony size. The edges of all colonies expressed the same markers at the same radial distance from the colony edge, irrespective of colony size. As the colony size decreased, the SOX2 expressing population on the interior of the colonies was lost ([Fig. 4A--B](#F4){ref-type="fig"}) while the territory of mesodermal differentiation extended to the center of the colony ([Fig. 4C--D](#F4){ref-type="fig"}), forming a disk rather than an annulus. Examined at the level of single cells, reductions in colony size caused a shift away from SOX2+ ectodermal cells and towards NANOG+ mesendodermal derivatives. In colonies 250μm and below, no SOX2 expression remained ([Fig. 4B](#F4){ref-type="fig"}). Thus, our data show that cells confined to a disk-like geometry and presented with gastrulation-initiating signals form reproducible patterns under the control of a mechanism that senses the exterior edge of the colony.

We next examined the dynamics of how these patterns emerge in colonies of various sizes and found that the markers CDX2, BRA, SOX17, and EOMES all show initial expression at the colony border and then move inwards as a function of time to varying degrees ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). In contrast, SOX2 expression rises continually at the colony center while declining at the colony border. These data suggest that either the PS-like region moves through the colony in time, a process which may result from the spatial confinement, or that cells begin expressing differentiation markers before entering the PS-like region. Examining the dynamics of patterning in time for different colony sizes revealed identical dynamics as measured from the colony edge inwards for all markers examined in time -- CDX2, BRA, EOMES, SOX17, SNAIL, and SOX2 ([Supplementary Fig. 10](#SD1){ref-type="supplementary-material"}). This demonstrates that patterning has a fixed length scale and proceeds identically in time, regardless of the size of the colony.

Patterns originate in self-organized signaling responses {#S7}
--------------------------------------------------------

The ability of BMP4 ligand to generate these patterns is surprising since it is presented homogenously at high doses to all cells. To examine the origins of the self-organized differentiation, we determined SMAD1/5/8 status (a proximal readout of BMP signaling) as a function of time ([Fig. 5A--C](#F5){ref-type="fig"}). The initial response was highest at the colony edge with some patches of response in the center. Signaling became increasingly restricted to the colony edge as a function of time. At 24 hours after the application of the BMP4 ligand, elevated signaling was largely confined to a narrow ring at the colony edge ([Fig. 5A--C](#F5){ref-type="fig"}). Thus, prolonged BMP4 signaling at the colony border likely specifies the extraembryonic fates found there (consistent with the expression of BMP4 in extraembryonic tissue in the mouse embryo^[@R1]^).

As Activin/Nodal signaling functions downstream of BMP4 in the mouse embryo and is crucial for specifying mesendodermal derivatives, we reasoned that these signals may pattern the mesendoderm in our micropatterned colonies as well. Indeed, a gradient of nuclear SMAD2 formed across the colony and by 7 hours it spanned the range of the future mesendoderm, peaking in the endoderm ([Fig. 5A--C](#F5){ref-type="fig"}). To determine the relevance of this gradient for patterning, we inhibited Activin/Nodal signaling with the small molecule SB431542^[@R29]^ during BMP4-mediated differentiation. SB431542 completely inhibited mesendodermal differentiation as reflected by an absence of BRA and SOX17 positive cells. Under these conditions, the entire colony could be divided into two territories: CDX2+ extraembryonic cells and SOX2 positive ectodermal cells ([Fig. 5D](#F5){ref-type="fig"}). These results indicate that in the absence of Activin/Nodal signaling, cells make a binary fate choice likely based on the level of response to the BMP4 signal. BMP signaling thus specifies a range of fates by inducing CDX2 positive cells at the colony border while also inducing an Activin/Nodal signaling gradient that induces mesendodermal fates. Cells at the center of the colony that do not receive either of these signals adopt an ectodermal fate.

These results also shed light on discrepancies in previous data regarding the outcome of BMP-mediated differentiation^[@R16],[@R20]^. Note that the range of CDX2 expression extends from the colony border and encompasses BRA+ cells as well as the trophoblast-like cells at the border ([Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}). Thus, there are at least two populations of CDX2+ cells at spatially distinct locations: a population that overlaps with BRA expression and represents embryonic mesoderm or primitive streak and a BRA negative population at the edge of the colonies that is suggestive of its extraembryonic expression^[@R1]^. Notably, treatment with SB431542 both abolishes BRA staining and diminishes the range of CDX2 expression ([Fig. 5D--E](#F5){ref-type="fig"}), further confirming that the CDX2+ population that overlaps with BRA expression is mesodermal while that at the colony edge is not. The ability to segregate and manipulate these two populations highlights the power of the micropatterning approach for understanding differentiation by providing spatial context.

TGF-β and BMP inhibitors are required for pattern formation {#S8}
-----------------------------------------------------------

How is the differential response to the exongenously supplied BMP established within the colony? The fact that signaling is highest at the colony edge suggested that a diffusible inhibitor that is lost from the colony edge and thus assumes its highest level in the center, might be responsible for forming these patterns. In the mouse embryo the double knockout of BMP inhibitors Chordin and Noggin shows a loss of the forebrain as a result of expanded BMP signaling^[@R30]^. To test whether these genes are involved in the differential response to BMP, we used siRNA to reduce their expression. Consistent with the knockout phenotype, knockdown caused expansion of mesodermal markers into the ectodermal territory in the center ([Fig. 6A--C](#F6){ref-type="fig"}). We used a similar strategy to determine whether Activin/Nodal inhibitors are necessary to restrict activity to the primitive-streak like region. In the mouse embryo, the combined activities of Lefty1 and Cer1 are required to restrict the primitive streak to one side of the embryo^[@R31]^. In micropatterned culture, knockdown of LEFTY1 and CER1 with siRNA also caused an expansion of the BRA expressing cells into the ectodermal territory ([Figure 6A--B](#F6){ref-type="fig"}). In contrast to the knockdown of the BMP inhibitors, the region of BRA expression also expanded into the region of CDX2+BRA- cells that typically forms at the colony border ([Fig. 6A--C](#F6){ref-type="fig"}). These results demonstrate that inhibitors to the BMP pathway are necessary to preserve the ectodermal character of the colony center while those of the Activin/Nodal branch are necessary to restrict the PS-like region from both sides. These experiments also provide proof of principle that micropatterned culture can be used to study the effects of genetic perturbations on spatial patterning in the human system. Consistent with a role for diffusible inhibitors in establishing patterns, blocking diffusion out of the colony by growing cells at the bottom of a PDMS microwell, prevented the formation of boundary fates. Inside the microwells, we observed an absence of staining for trophoectodermal or mesendodermal markers CDX2, BRA, EOMES, and SOX17 and instead nearly all cells stained positively for SOX2 ([Supplementary Fig. 12](#SD1){ref-type="supplementary-material"}). Control cells in the same culture dish but outside of the microwells established patterns containing all three germ layers. These results suggest that geometric control of paracrine signaling could be used to enhance the purity of stem cell derivatives.

Discussion {#S9}
==========

Our results show that simple confinement of hESCs to a disk shape region is sufficient to recapitulate much of germ layer patterning. The human epiblast is a disk-shaped epithelium at gastrulation and the cup-like mouse embryo is often approximated as a disk^[@R32],[@R33]^. The number of cells in mammalian embryos at this stage is comparable to our larger disks. Thus cells grown on patterned substrates are a sensible approximation to the early gastrula and more appropriate than a solid embryoid body.

A number of groups have attempted to control spatial aspects of stem cell organization during differentiation and have shown that colony size can have an influence on the proportions of fates achieved^[@R10],[@R11]^. However, these studies mostly focused on alternate differentiation protocols (e.g. withdrawal of pluripotency conditions) and did not find spatial ordering upon differentiation. Three dimensional culture systems have also been devised with no reports of spontaneous, reproducible spatial organization^[@R34]^.

Colony structure is shaped by inhibitors much as in the embryo. They plausibly leak from the colony boundary, as evidenced by the effects of confinement, and thus define a reference point from where the signaling pathways measure distance and define germ layer territories. The micropattern has a secondary consequence of increasing cell density and thus favoring cell communication over response to the external differentiation stimulus. In contrast to micropatterned culture, the SOX2 levels at the colony center never increase over their pluripotent values for BMP4 differentiation under standard culture conditions, a fact we attribute to lower levels of inhibitors produced or transmitted at lower cell densities. It will be interesting to probe the physical mechanisms of cell communication with a gentle flow over the colonies^[@R35]^.

Recently, self-organized organogenesis has received much attention with reports of the ability to generate optic cups^[@R36]^, brain-like organoids^[@R37]^, and mini-guts^[@R38]--[@R40]^ *in vitro* starting from embryonic stem cells. These studies employ primarily chemical cues rather than geometric confinement. Thus it will be interesting to see what effects spatial confinement has on later stages of differentiation. Quantitative models of signaling derived from disk geometery could potentially be used to engineer more reproducible organoids.

Developmental biology has made great strides by connecting genetic perturbations with defects in spatial patterning. In the future, micropatterned differentiation will allow the same manipulations to be performed for the early stages of hESC differentiation. We provide proof of principle for this approach by determining the spatial patterning phenotypes of knocking down gene products with siRNA. The advent of CRISPR technology will allow for the same assay to be performed with complete gene knockouts. The micropatterned colonies will facilitate time-lapse imaging of reporters for dynamic studies and provide an assay for mechanistic questions that are difficult to address in a mammalian embryo. When do the mesodermal and endodermal populations begin to diverge? What combination of geometric or genetic spatial symmetry breaking is needed to induce the anterior-posterior embryonic axis? Can extraembryonic tissue be replaced with signals applied directly on the epiblast? None of the current standards of ESC culture are capable of addressing these issues quantitatively. Other applications of micropatterned differentiation include interspecies comparisons under similar conditions (do mESCs and hESCs generate the same patterns?) and comparison between hiPSC and hESCs in a pattern-forming assay. As the patterns arise in a self-organized manner, micropatterned stem cell culture also provides a novel, controlled platform for studying how signaling generates developmental patterns. We thus propose that geometrically controlled cell culture should become standard practice for ES cell differentiation.

Online Methods {#S10}
==============

Cell culture {#S11}
------------

All experiments were performed with the RUES2 hESC line derived in our laboratory and described previously. For routine culture for maintenance, RUES2 cells were grown in HUESM medium that was conditioned by mouse embryonic fibroblasts (MEF-CM) and supplemented with 20ng/ml bFGF. Cells were tested for mycoplasma prior to beginning experiments and then again at two-month intervals. Cells were grown on tissue culture dishes coated with Matrigel (BD Biosciences 1:40 dilution). Dishes were coated in Matrigel overnight at 4 C and then incubated at 37 C for 1 hour immediately prior to seeding the cells on the surface.

For micropatterned cell culture, micropatterned glass coverslips (CYTOO) were first coated with 50 μg/ml Poly-D-Lysine in H2O (PDL; Millipore) for 2 hours. The PDL was then removed by serial dilutions without allowing the coverslip to dry (dilution 1:4 in H2O, six times), before performing two complete washes with H2O. Coverslips were then incubated with Matrigel (1:100 dilution in DMEM-F12) overnight at 4 C. Before cell seeding, the Matrigel was removed with serial dilutions in ice-cold PBS (dilution 1:4, six times) before 2 complete washes in ice cold PBS. Cells already resuspended in growth medium were seeding onto the coverslips immediately following the removal of the PBS. We found it was important to take care to keep the coverslips at 4 C at all times when in Matrigel solution and to ensure that the coverslips were not allowed to dry at any time after the application of the Matrigel. Both polymerization and drying of the Matrigel lead to inconsistent cell adhesion with cells more likely to detach from the surface during the experiment.

Cell seeding onto micropatterned coverslips was performed as follows: Cells growing in MEF-CM and FGF were pretreated with the Rock-inhibitor Y27632 (Rock-I; 10uM) for 1 hour, washed once with PBS, and dissociated with Trypsin. Cells were centrifuged and 5×10^5^ cells were resuspended in 2.5 ml growth medium contain Rock-I and the entire solution placed over the coverslip in a 35mm tissue culture dish. After 2 hours, the medium was replaced with MEF-CM without Rock-I and cells were incubated overnight.

We also tested the effects of using the chemically defined mTeSR1 culture medium rather than MEF-CM and obtained similar patterns upon treatment with BMP4 to those presented here ([Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}), however, we found that MEF-CM better promoted adhesion to the micropatterned surface and it was therefore used in all subsequent experiments. Finally we tested the effects of growing cells on recombinant Laminin521 (Biolamina) rather than Matrigel, and again obtained similar patterns ([Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}). Laminin521 coating of coverslips was performed as follows -- coverslips were coated with 5 ug/ml of Laminin521 diluted in PBS with calcium and magnesium for 2 hours at 37 C. Laminin was then removed with six serial dilutions in warm PBS (dilution 1:4) before two complete washes in PBS. Cells were then seeded as described above for the PDL-Matrigel coated coverslips.

siRNA Experiments {#S12}
-----------------

Cells were passaged as single cells in Rock-I into 35mm dishes at a density of 200000 cells/dish. The next day, cells were transfected with siRNA (Ambion Silencer select) using RNAiMax (Invitrogen). The final concentration of siRNA was 20nM and 2.5 μl of RNAiMax were used for each dish. The following day, cells were seeded onto micropatterned coverslips and differentiation experiments were performed as described above.

PDMS microwells {#S13}
---------------

Molds to create PDMS wells of controlled diameter and depth were designed using a 3D CAD software (Autodesk Inventor) and then 3D printed (3D Systems Projet 3510 HD Plus printer). The smallest wells this technique allowed us to make reliably were 250μm in diameter and 250μm in depth. We found that boiling the 3D printed parts in water containing 1% Triton X100 for four hours was necessary to allow the PDMS to cure on the 3D printed parts. Molds were filled with PDMS (10:1 base:reticulant ratio) and degased under vacuum. In order to create opened wells, the mold was placed between 2 glass slides on which pressure was applied, typically with a large paper clip. After PDMS curing at 80C for several hours, the PDMS wells were unmolded and boiled in distilled water to ensure sterility and that all PDMS was cured. PDMS wells were then washed with ethanol and dried in a cell culture cabinet to keep them sterile.

Wells were then stuck on the dry cell culture substrate (either glass coverslips, regular tissue culture dish, or optically clear plastic dishes (ibidi)). The wells were then coated with cell adhesion promoting proteins either in a one-step protocol (Laminin521) or a two-step protocol (PDL followed by Matrigel). To remove bubbles trapped in wells, the PDMS well filled with the coating solution were centrifuged (2000rpm, 2min). After the necessary incubation time the coating solution was aspirated and cells were seeded.

Immunofluorescence {#S14}
------------------

Coverslips were rinsed once with PBS, fixed with 4% paraformaldehyde, rinsed twice with PBS, then blocked and permiabilized with 3% Donkey Serum, 0.1% Triton X-100 in PBS for 30 minutes. When performing immunofluorescence for pSmad1, cells were pretreated with 1% SDS in PBS for 30 min at 37 C before blocking. Coverslips were incubated with primary antibodies overnight at 4 C (for primary antibodies and dilutions see [Supplementary Table 1](#SD1){ref-type="supplementary-material"}), washed three times in PBS for 30 minutes each wash, incubated with secondary antibodies (Alexa488, Alexa555 or Alex647 conjugated (Molecular probes); dilution 1:500) and DAPI nuclear counterstain for 30 minutes, and then washed twice with PBS. Coverslips were mounted on slides using Fluoromount-G mounting medium (Southern Biotech).

Imaging {#S15}
-------

All widefield images were acquired on an Olympus IX71 inverted microscope with a 20X, 0.75 Na lens. We utilized tiled image acquisition to acquire images of the entire coverslip (approximately 2500 stage positions/coverslip) in four channels corresponding to DAPI and Alexa488, Alexa555, and Alexa647 conjugated antibodies. All confocal images were acquired on a Leica SP8 inverted confocal microscope with a 40X, 1.1 Na water immersion objective. Three-dimensional visualization and rendering was performed using Imaris software.

Image analysis {#S16}
--------------

All image analysis was performed using custom software written in MATLAB. Since we imaged the entire coverslip, we utilized the fact that we also imaging the regions without cells to create background and normalization images as follows. We first took the pixel-by-pixel minimum and average across all images: $$m = \min_{j}(I_{j});a = \text{mean}_{j}(I_{j})$$ where I~J~ represents the *j*th image. We then used *m* as a background imaged and defined a normalization image according to: $$n = (a - m)/\max(a - m)$$ where the max is across all pixels in the image. The mean and normalization images were then smoothed with a Gaussian filter several times the size of a cell diameter and each image was corrected according to: $$\left. I_{j}\rightarrow(I_{j} - m)./n \right.$$

Where the "./" represents pixel-wise division. In general, subtracting *m* removes the (typically spatially homogenous) camera noise, while dividing by *n* corrects for any inhomogeneities in the image due to the illumination or other factors.

After each image was corrected in this way, we then identified and quantified the cells in each image using an algorithm which we described previously^[@R41]^ (see next section). Because larger colonies will span multiple images, we preformed image alignment and used the resulting overlap between images to put the coordinates of each cell in "coverslip coordinates" resulting in a list of the position of every cell on the coverslip. We then separated these cells into colonies by computing the alphavol of the points using the MATLAB function alphavol (<http://www.mathworks.com/matlabcentral/fileexchange/28851-alpha-shapes>) with a radius (*r*~v~) of 100 pixels. This function is similar in concept to a convex hull except that it will form separate boundaries for sets A and B if all points in set A are greater than *r*~v~ away from all points in set B. Having identified colonies, we classified them based on their radius. For quantification of immunofluorescence, we either normalized the intensity to the DAPI intensity in the same cell, or, for proteins that translocate to the nucleus upon activation, we normalized the nuclear intensity to the cytoplasmic intensity in the same cell. Both of these normalizations serve to remove imaging artifacts.

Marker quantification {#S17}
---------------------

Individual cells were identified in images and quantified for markers as described previously^[@R41]^. All marker intensities were normalized to the DAPI intensity in the same cell with the exception of SMAD2 where we normalized the nuclear SMAD2 intensity to the cytoplasmic intensity in the same cell. We have found this nuclear to cytoplasmic ratio to be a sensitive metric for signaling activity^[@R41]^. Radial averages were performed over all colonies on the micropatterned coverslip (n=25 for 1000μm colonies, n=144 for 500μm colonies, and n=576 for 250μm colonies) and the error bars given shown are standard deviations between colonies. Each marker quantification was performed in at least two different independent experiments. For 500μm and 1000μm colonies, we manually excluded those colonies in which cell seeding was uneven (for example, large empty areas within the micropatterned patch).

Supplementary Material {#S18}
======================
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![Stem cells grown in the pluripotent state show prepatterning in micropatterned culture\
**(A--B)** Tiled scans of RUES2 hESCs grown under standard (A) and micropatterned (B) conditions show heterogeneous and standardized colony geometries, respectively. (**C**) A single image from the tiled scan with all cells identified computationally. (**D**) Immunofluorescence analysis shows cells in the micropatterned colonies maintain expression of pluripotency markers (**E**) Quantification of expression of markers of the colony shown in (D). Each dot represents a single cell and the color represents the intensity of the indicated marker normalized to the intensity of the DAPI stain. (**F**) Quantification of average nuclear intensity from immunofluorescence data shows that markers are elevated at the colony edges. In all cases, nuclei were identified using the DAPI nuclear counterstain and the intensity of the indicated markers was normalized to the DAPI intensity to prevent imaging artifacts. All scale bars are 500 μm.](nihms603221f1){#F1}

![Stem cells differentiated on micropatterns form self-organized spatial patterns\
(**A--B**) Immunofluoresence for fate markers shows patterns along the radial axis of the colonies. Cells were seeded on micropatterned coverslips, grown overnight, and then treated with BMP4 for 42 hours. Each panel corresponds to a single colony while each dot corresponds to a single cell. (**C**) Quantification of immunofluorescence data showing that germ layer markers are induced at particular radii. (**D**) Schematic of the results of 42hours of BMP4 treatment in micropatterned culture.](nihms603221f2){#F2}

![During differentiation cells undergo EMT in a region expressing markers of the primitive streak\
(**A**) Cells in the PS-like region have high levels of pERK. (**B**) Cells in the PS-like region express SNAIL. (**C**) Cells in the PS-like region internalize E-CAD. BRA expression is not shown in the blow-up for clarity (**D**) 3D reconstruction showing that the PS-streak like region is 2--3 cells deep. (**E**) Phalloidin staining reveals differences in cytoskeletal organization in the upper and lower layers of the PS-like region. The blue box in the left panel shows the region expanded in the individual confocal slices in the other two panels. (**F**) Immunofluorescence for EpCam shows it is only expressed in the upper epithelial layer (left) of the PS-like region and is absent from the cells below (right). Each panel is an individual confocal slice. (**G**) Cells in the lower region of the culture express SNAIL while those in the upper layer express the epiblast/ectoderm marker SOX2. The left panel is a maximum intensity projection of the entire confocal stack while the center and right panels show blow-ups of individual confocal slices. All scale bars are 50 μm.](nihms603221f3){#F3}

![Control of cell fate extends from the edge of the colony\
(**A**) Immunofluorescence for SOX2 and NANOG in a 1000μm colony following 42h BMP4 treatment. (**B**) Quantification of single cell expression of SOX2 and NANOG from immunofluorescence data showing a shift from the SOX2+ ectodermal population towards the NANOG+ mesendodermal population as the colony size is reduced. (**C**) Immunfluorescence in a 500 μm colony shows BRACHYURY expression at the center rather than in an annulus at fixed radius and the absence of staining for SOX2. Quantification of markers with single-cell resolution in a 500μm colony shows an absence of SOX2 and the expression of BRA in the colony center. (**D**) Comparison of BRACHYURY expression between 500μm and 1000μm colonies shows the spatial scale of expression is the same in the two sizes. Note the distance scale is inverted relative to previous panels to emphasize control from the boundary. All scale bars are 100μm.](nihms603221f4){#F4}

![Self-organized signaling responses in micropatterned colonies\
(**A**) Immunofluorescence for pSMAD1 and SMAD2 after 24h of BMP4 treatment showing the BMP4 response is sustained only at the colony border while Activin/Nodal signaling forms a broader gradient. (**B**) Quantification of average pSMAD1 intensity and SMAD2 nuclear:cytoplasmic ratio as a function of time after treatment with 50 ng/ml BMP4 in 1000um diameter colonies. (**C**) Quantification of pSMAD1 and SMAD2 responses in the colony shown in (A). Each dot represents a single cell. (**D**) Immunofluorescence of RUES2 colonies treated with 50 ng/ml BMP4 with or without 10μM SB431542 showing that Activin/Nodal signaling is required for mesendodermal differentiation. All scale bars are 100μm. (**E**) Profiles showing that the inhibition of Activin/Nodal signaling by SB eliminates BRA expression and also the portion of CDX2 that overlaps BRA.](nihms603221f5){#F5}

![TGF-β inhibitors are required for pattern formation\
(**A**) Immunofluorescence showing the expansion of the mesodermal territory at the expense of the ectoderm when either BMP inhibitors or Activin/Nodal inhibitors are knocked-down using siRNA. (**B**) Quantification showing that loss of BMP inhibitors increases BRA expression at the colony center, while loss of Activin/Nodal inhibitors increases BRA expression on both sides of the PS-like region. (**C**) Quantification of CDX2 expression, showing that loss of either BMP or Activin/Nodal inhibitors causes expansion of mesodermal CDX2 expression, and loss of Activin/Nodal inhibitors also causes a decrease in trophoblast-like CDX2 expression at the colony border.](nihms603221f6){#F6}
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